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Appendix A 

Stress Induced in Geomembrane and Geosynthetic Clay 
Liner 
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STRESS INDUCED IN GEOMEMBRANE AND GCL 

OBJECTIVE: Estimate the stress induced in the geomembrane and geocomposite clay (GCL) liner due to 
the self and overlying material weight and subgrade settlement 

METHOD: The stress induced in the geomembrane and GCL are due a combination of the weight of the 
material and the strain applied to the material due to settlement of the underlying layers. 

ASSUMPTIONS: Use GSE 60 mil textured HDPE geomembrane and Cetco GCL 

CALCULATION: 

Self and overlvinq weight: Based on EDF-ER-268, the minimum interface shear strength for the 
liner system is 29.3'. The liner system slope angle is 3H:lV (18.4'); therefore, since the interface 
friction angle is greater than the slope angle, there is no net stress on the liner system. 

Settlement: 

Minimum horizontal slope length: 
Minimum vertical slope length: 

Initial three dimensional slope length (lo): 

Final vertical slope length: 
Final three dimensional length (If): 

85 ft 
28 ft 

89.49 ft 
Maximum vertical displacement 1.2 ft Based on results of EDF-ER-266 

29.2 ft 
89.88 ft 

See page 2, Drawing C-302 
See page 2, Drawing C-302 

Liner strain ((If - lo)/lo): 0.004258 
0.425783 Yo 

HDPE Liner Stress (S = Ev) 

HDPE Tensile Strength at Yield: 130 Ib/in See specification sheet 

HDPE liner thickness: 0.060 in 

HDPE liner elastic modulus: 2,166.667 psi 

Liner stress (S): 9.225299 psi 

Safety Factor (Allowable elastic stress/applied stress): 234.86 

CONCLUSIONS: Based on the calculations, the subgrade settlement will have no detrimental effect 
on the HDPE liner system. 

GCL Liner Stress 

Elastic properties for GCL material are not normally determined. A standard physical property 
specified is grab elongation. Therefore the estimated strain will be compared to the GCL 
grab elongation. 

Estimated strain from above calculation: 0.425783 % 

GCL grab elongation: 50 % per company representative 

Safety Factor (Allowable strainlapplied strain) 1 17.43 

CONCLUSIONS: Based on the calculations, the settlement of the subgrade will have no detrimental effect 
on the GCL liner system. 
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DESIGN EUE: NA 

3. Subtask: S lop Stability Assessments 

tbe liiug system. 
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For veneer stability of the lining system, strength values based on test data conducted under low 
normal stresses were considered appropriate. For this project, low normal stress-in the context of 
veneer stability-was limited to stress levels less than 600 pounds per square foot (psf), or an equivalent 
of up to about 5 ft of soil. Interface shear strength data applicable to this stress level were then modeled 
using linear regression. In the regression analysis, the interface shear strength was represented by an 
effective friction angle by forcing the cohesion intercept to zero. The idea of using the effective friction 
angle to represent the shear strength of the interface at low normal stress is to maintain the magnitude of 
the shear strength while eliminating the dependency on the cohesion intercept in the strength parameter 
determination. For low effective confining pressures, this approach allows the shear strength to approach 
zero as confinement goes to zero. 

Appendix A contains the database of interface shear strength tests that were analyzed. Material 
interfaces in which test data has been analyzed under this task include soil/geocomposite, textured 
HDPElgeocomposite, textured HDPEKXL, and GCUgeocomposite interface. Based on the measured 
and reported interface strength data, peak and residual strengths of lining material interfaces were 
evaluated. For veneer stability analysis, however, residual strengths are considered to be appropriate 
(Stark and Poeppel 1994). For the soiYgeocomposite interface shear strength, test data that indicate a 
mixture of sand and gravel (with and without silt) for the soil component, consistent with the description 
of the on-site native material, were evaluated in the analyses. Shear strength data for CCUtextured 
HDPE interface were not analyzed due to the inadequate amount of data that is available. In the absence 
of adequate data, test results &om the Cedar Hills Regional Landfill (CHRL) project (CH2M HILL 1998a 
) were used in the analyses. These results indicate an interface friction angle of about 25 degrees and a 
cohesion of zero for the CCLlHDPE interface. Additional site-specific testing is recommended to 
confirm this value, as discussed in ‘Tvaluation of Geotechnical Investigations and Calculations Required 
to Complete Design and Construction” (DOE-ID 2001b). Results of site-specific interface shear testing 
will be reported in the 90% Remedial Design/Remedial Action (RD/RA) design submittal. Analyses 
presented herein will be revised if lower strength values are obtained fiom the site-specific testing. 

Based on the above evaluations, the critical interface for the veneer stability analysis appears to be 
the non-woven GCWnon-woven geocomposite interface. A residual friction angle of 19 degrees was 
developed fiom the existing data for low normal stress for this interface. Most recent test results provided 
by Montgomery Watson (1999) using exactly the same materials proposed for this project, except that the 
woven side of GCL was used, indicate an effective residual interface friction angle of 24 degrees. In this 
project, it is proposed that a non-woven side of GCL will be placed in contact with the geocomposite, 
which, as a result, could yield a higher residual friction angle than the 24 degrees that was reported. For 
this reason, and the fact that actual test results are available for the proposed lining materid, it was 
decided to use a residual friction angle of 24 degrees for the GCL/geocomposite interface. This value 
matches the residual interface friction angle for the HDPE/geocomposite interface as the most critical 
interface for veneer stability. It is recommended, however, that actual interface shear strength tests be 
conducted for the non-woven GCUnon-woven geocomposite interface to confirm this value. Results of 
site-specific interface shear testing will be reported in the 90% RDRA design submittal. Analyses 
presented herein will be revised if lower strength values are obtained fTom the site-specific testing. 

x 

The analysis for self-weight (Case 1) involved an evaluation of veneer stability under the load of 
the 3-ft-thick operations layer only. For equipment loads (Case 2), an equivalent equipment weight of 
4,400 pounds per lineal foot of lining system such as that caused by a D6H Caterpillar dozer was assumed 
during placement of the drainage layer over the HDPE geomembrane. It was further assumed for this 
loading case that the seepage height would be zero. For the seepage case (Case 3), the maximum 
allowable head over the side slope lining system is 6 in. for stability purposes. FSs corresponding to 
seepage heights of 3 in. and 6 in. were evaluated. A maximum slope height of 40 ft was used in running 
the SLOPBASE program. 
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6. RESULTS AND CONCLUSIONS 

6.1 Maximum Differential Settlement 

The maximum total settlement at the center of the landfill is conservatively estimated to be 1.2 ft. $ 
Differential settlement is a function of the maximum total settlement and will be less than the total 
settlement; however, it is difficult to estimate. So, as a worst case, the maximum differential settlement is 
assumed to be equal to the maximum total settlement of 1.2 ft. 

6.2 Stress and Strain in Liner Components 

As the bottom of the liner consolidates, it will distort creating strain in each of the liner 
components. Assuming all the settlement occurs near the center of the landfill and no settlement occurs 
on the ends, the maximum differential settlement will be 1.2 ft as described previously. The floor of the 
landfill in its shortest direction is approximately 528 ft. (EDF 265 -Air Space Volume Calculation. The 
resulting strain is calculated below: 

L 

E =  Strain 

Lf= Final length 

LI = The length on which the distortion acts 

8 = Angle of rotation 

A = Distortion 

Using half of the width of the landfill, the maximum amount of strain is 0.001%. The calculation is 
presented below: 

L, =y- 528Jt - 264p 

L, = 264 264p = 264.003 
cos( 0.3 9) 
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Appendix B 

Geotextile Puncture Resistance 
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Required Puncture Resistance of 
Geotext i le 
OBJECTIVE: Determine the puncture resistance of the cushion geotextile required to prevent puncturing of the 

geomembrane by gravel layer 

METHOD: The cushion geotextile is intended to protect the geomembrane from punctures caused by the gravel 

layer above the geomembrane. The required puncture resistence for the cushion geotextile will be dictated by the 

largest particle diameter for the gravel layer under the force provided by the waste and cover system above. The 

required puncture resistance was solved for using the formula presented in "Designing with Geosynthetics" 3rd 

edition, Koerner, 1995, pg 165 (see page 5 of this appendix). The formula is given below. 

F,, - required vertical force to be resisted 
p' - pressure exerted on geotextile 

d, - average diameter of puncturing aggregate 
Si - protrusion factor, hdd, 

h h  - protrusion height <= d, 
Sp - scale factor to adjust ASTM D4833 test value using 5/16" diameter rod to the actual puncturing object = dprob$da 
dprobe - probe diameter which is 5/16" for ASTM D4833 
S3 - shape factor to adjust test puncture probe of ASTM D4833 to actual shape of puncturing object = 1 -AdAc 
(values range from 0.8 for round sand, to 0.7 for run-of bank gravel, to 0.4 for crushed rock, to 0.3 for shot rock) 
A, - projected area of particle 
A, - area of smallest circumscribed circle 

Calculation: 
Maximum elevation of cover system: 

Minimum elevation of liner system: 
Maximum waste thickness: 

Estimated waste density: 
Average aggregate diameter (dJ: 

Probe diameter (dpmbe): 
A&& ratio: 

Maximum anticipated pressure on the liner system (p'): 
Protrusion factor (SI): 

Scale factor (52): 
Shape fator (Ss): 

FreO: 

4974 ft 
4884 ft 

90 ft 
133.5 pcf from EDF-ER-266 

See pg 2 drawing C-304 
See pg 3 drawing C-301 

0.67 in 
0.3125 in 

0.4 
83 psi 

17mm = 0.67 in for Gravel Dso 

conservate assumption, see pg. 5 

0.50 
0.47 
0.6 
5.2 Ibs 

assume hh = 0.5 da, 

Installation Chemical Bio 
Damage Creep Degradation Degradation 
1 , I  to 2.5 1.5 to 2.0 1 .O to 2.0 1.0 to 1.2 Typ Cushion Reduction Factors Ranges (Koerner,p. 149) 

Reduction Factors Used: 2 2 1.5 1.1 

Total RF: 6.6 

Geotextile Specified Puncture Resistance: 135 Ibs 

Fallow 20.5 Ibs 
FS = FallodFreq 3.9 
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I a n d f i I I d e s i g n c (:I m ~ H L  ++ (qtcr, 

Safety Factor Against Geomembrane Puncture - Clesign Calculator 

&I (IJ1s 1/16 ' fllg -? 

@uzcr~>Ir~wcd~ lkwr VI 

&vrpnrhk 
Ikw 
t Pfl 

._ - ~ _.__ ~ - ,,  . 
Problem Statement 
There are many circumstances where geomembranes are placed on or beneai h soils containing relatively4 
large-sized stones. For example, poorly prepared soil subgrade with stones pr,.itruding from the surface, and 
cases where crushed-stoned drainage layers are to be placed above the gem embrane. 

In all of these situations, a nonwoven needle-punched geotextile can provide s fgnificant puncture protection to 
the geomembrane. The issue of determining the required mass per unit area c ! the geotextile becomes 
critical. 

The method presented herein (Koerner, 1998) focuses on the protection of 1.5 mm thick HDPE 
geomembranes. The method uses the design by function approach. 

... .- . . _- . _. ... -- -, .... .. 

@ U P  o u f y  aci, 

Q L b b V J  

u r d  @'& 

M I 
HI 
F) 
MF,( 
-1 
K] 

where: 

geotextile mass per unit area Jg/m21 8 height of the protrusion above the subgrade 
modification factor for protrusion shape 

modification factor for packing density 

modification factor for arching in soli6 
reduction factor for long-term creep 

reduction factor for long-term chemical/biological degradation 

a 
El 
E l  

FS 

pact 

PlillOW 

factor of safely against geomernbrane puncture 
actual pressure due to the landfill contents or surface impoundmant 
allowable pressure using different types of geatextiles and site SI iecific conditions. 

pa,,ow is determined by the following equation: 

where: 

[ a l l  Name IpGiJ im .- )]lallowable pressure 

1 1 
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Appendix C 

Geomembrane Wind Lift Analysis 
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Evaporation Pond Wind Lift Analysis 

OBJECTIVE Determine the necessary anchorage to negate HDPE geomembrane movement 
due to the wind in the evaporation pond. Determine this for both short and long term conditions. 

METHOD: Use design tables from Koerner and Wayne, Effect of Wnd UpM on Liner Systems, 
Geosynthetic Fabrics Report, July/August 1988. A wind speed of 70 mph will be used based on EDF-ER-323, 
Evaporation Pond Berm Overtopping Analysis, which used this value to calculate wave runup within the 
evaporation pond. 

ASSUMPTIONS Sand bags are asssumed to be 70 Ibs each (minimum) 

CALCULATIONS: 

Short Term: Sand bags will need to be placed on top of the geomembrane liner after installation 
because the geomembrane is the upper most layer in the evaporation pond liner system. 

The short term wind speed of 35 mph was used which is approximately half of 70mph which is 
the upper end of wind speed gusts measured. 

Based on attached Figures 3 - 10, the average Cp (pressure coefficient) is -0.2 

Use Table 2(b), and a Cp value of -0.2 to determine sand bag spacing, 

25 mph wind - 1 sand bag per 219 ft2 
50 mph wind - 1 sand bag per 54.8 ft2 

Using linear interpolation of these values to determine the area per sand bag for a 35 mph wind, one sand 
bag should be placed for every 153 square feet. 

Sand bags should be tied off every 5 linear feet along the rope. To determine the bag line spacing, divide 
153 square feet by 5 feet. 

Sand Bag Line Spacing = 153 sq. ft I 5  ft = 30.6 ft or approximately 30 feet 

Lonq Term: 

A long term wind speed of 45 mph was used which is approximately 65% of 70 mph which is 
the upper end of wind speed gusts measured. 

Based on attached Figures 3 - 10, the average Cp (pressure coefficient) is -0.2 

Use Table 2(b), and a Cp value of -0.2 to determine sand bag spacing, 

25 mph wind - 1 sand bag per 21 9 ft2 
50 mph wind - 1 sand bag per 54.8 ft2 

Using linear interpolation of these values to determine the area per sand bag for a 45 mph wind, one sand 
bag should be placed for every 86.2 square feet. 

Sand bags should tied off every 5 linear feet along the rope. To determine the bag line spacing, divide 
86.2 square feet by 5 feet. 

Sand Bag Line Spacing = 153 sq. ft I 5 ft = 17.2 ft or approximately 15 feet 

For long term conditions, in addition to sand bagging it is suggested that the bottom of the pond be covered 
with a minimum of either soil or fluid in the bottom to counterweight additional long term uplift 
pressures due to wind. 

Conclusion: For short term conditions, sand bags should be placed at a 30 feet spacing. For long term 
conditions, sand bags should be placed every 15 feet and either fluid or soil should be placed in the bottom. 
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Appendix D 

Anchor Trench Pullout Resistance Calculation 
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ANCHOR TRENCH PULL OUT RESISTANCE CALCULATION 

Objective: Determine Anchor Trench Pull Out Resistance 

Input: 

Minimum Liner interface friction angle (d): 

Minimum Liner interface adhesion (a): 

Cover Soil Density (g=): 
Anchor Trench Soil Density (9): 

Anchor Trench Width (LAT): 
Anchor Trench Depth (dAT): 

Operations Layer Thickness (&): 
Runout Trench Length (bo): 

Anchor Trench Backfill Friction Angle (f): 

Anchor Trench Runout Resistance 

Prl = (s,,~ tand + a) bo 
% I =  Scsdcs 
S,,i = 360 psf 
pri = 606.068 Ibdft 

Anchor Trench Sidewall Resistance 

= (1 - sin 9 
k,= 0.5 

29.3 (Nonwoven GCUcomposite drainage net, 
see attached shear strentgh information from EDF-ER-268) 

0 psf (Nonwoven GCUcomposite drainage net, 
see attached shear strentgh information from EDF-ER-268) 

120 pcf 
110 pcf 
2 n  
2 n  

3 n  
3 f t  

30 

Anchor Trench Bottom Resistance 

Average normal stress through anchor trench 
sa"w = @"I + %zY2 

Savw = 470 psf 

shavg = ko %vgv 

shayB=%3 

S,, = 235 psf 

Pr3 = ( s ~  tand + a) dAT 
Pr3 = 263.75 Ibdft 

Total Anchor Trench Pullout Resistance 

Tr= Prl +Pa + Pa 

Tr = 1520.78 Ibdfoot 

Conclusion: 
Anchor trench pullout capacity of 1521 Ib/ft is greater than the 440 Ib/ft that is required to maintain a slope 
stability safety factor for Case 1 presented in EDF-ER-268. This case is disussed in EDF-ER-268. 
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ICDF - Interface Strength Values for Veneer Stability Analysis 
(EDF-ER-268, Section 3) 

I 1Site-Specific Test lstrength calc. from I 

Notes: 
a - See regression graphs in Appendix A, EDF-ER-268; cohesion = 0 psf in regression analysis 

- Testing by Precision Geosynthetics (6/01) on site-specific lining materials; normal stress - 100,250 and 500 psf 
- Calculated at normal stress of 500 psf with Cohesion = 0 psf 
- 19 deg calc from data, however 24 deg (based on MW tests) used in analysis; see p. 3.3 in EDF-ER-268 

e - from CHRLF data (1998) see p. 3.3 in EDF-ER-268 
' - Site-specifc test data on Soil-bentonite compacted to 87% modified; tests currently being rerun at 92% 
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Appendix E 

Water Erosion of Final Cover Surface 
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OBJECTIVE: Determine the cover soil erosion due to surface sheet erosion. 

METHOD: The Modified Universal Soil Loss Equation (MUSLE) was used to calculate the average annual soil 
erosion resulting from sheet flow across the top surface of the final cover. This is the method presented in 
NUREG/CR-4620 for use at uranium mining tailing impoundments with a 1000 year design life. This method 
estimates runoff based on rainfall intensity, soil type, length and slope of the surface, and a control factor which 
represents vegetative and mechanical factors. The equation is given below. 

A = R*K*LS*VM 

where: 
A = the computed loss per unit area in tons per acre per year with the units selected for K and R properly selected 
R = the rainfall factor which is the number for rainfall erosion index units plus a factor for snowmelt, if applicable 
K = the soil erodibility factor, which is the soil loss rate per erosion index unit for a specified soil as measured on a 
unit plot that is designed as a 72.6 foot length of uniform 9% slope continuously maintained as clean tilled fallow 
LS = the topographic factor, which is the ratio of soil loss from the field slope length to that from a 72.6 foot length 
under other wise identical conditions. 
VM = the dimensionless erosion control factor relating to vegetative and mechanical factors. This factor replaces 
the cover management factor (C) and the support factor (P) of the original USLE. 

CALCULATIONS: 

Ryegrass Flats and WRRTF Borrow Soil Areas 
(see attached particle size distribution) 

Ryegrass Flats and WRRTF Borrow Soil Areas 
(see attached particle size distribution) 

Sample # 
#1-0 

#1-0,#2 
#I-P,#l 
#1 -P,#2 
#I-Q,#l 
#1 -Q,#2 
#3-0,#1 
#3-0,#2 

#3-P.Alt. #1 
#3-P, Alt. 2 

#3-Q,#1 
#3-Q,#2 

Maximum 
Average 

'ercen t 
ilt and very 
line sand 

94 
93 
80 
95 
94 
96 
58 
90 
90 
92 
92 
80 
96 

87.83 

Sample # 
#1-0 

#1-0,#2 
#1 -P,#l 
#1 -P,#2 
#1-Q,#l 
#1 -Q,#2 
#3-0,#1 
#3-0,#2 

#3-P,Alt. #1 
#3-P, Alt. 2 

#3-Q,#1 
#3-Q,#2 

Maximum 
Average 

'ercent 
;and 
0.1 - 2.0 mm) 

6 
7 
20 
5 
6 
4 
42 
10 
10 
8 
8 
20 
42 

12.17 

K =  
R =  

0.7 
20 

(use attached nomograph to determine K) 
(use attached figure 5.3 to determine R) 

LS = 650 + 450s + 65s2 L m  
10,000 + s2 72.6 

where: 
s = slope steepness in percent 
m = exponent dependent upon slope steepness 
L = slope length in feet 

s =  7 (see attached drawing) 
m = 0.5 (see attached Table 5.2) 
L =  434 ft (see attached drawing) 

LS= 2.077623 
VM= 0.18 (average of seeding values shown in table 5.3) 

A = 5.235609 tons per acre per year 

E-3 



Determine the thickness of cover erosion per year. 

Assume the density of the cover soil is 110 pcf 

Erosion = 0.002185 ft per year 

Design Life Erosion = 2.1 85328 ft per 1000 years 
26.22 in per lo00 years 
66.61 cm per 1000 years 

CONCLUSION: Overbuild the cover thickness by at least 73 cm to compensate for the erosion estimated over the 
1000 year landfill senrice life. 
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Figure 4-4. Rye Grass Flats boring and test pit locations. 
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(See Drawing C-304 in the ICDF Draft Final Drawings for more detail.) 
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